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ABSTRACT 
 
 
 
 
The first human to enter Mammoth Cave passed under its arch about 4,000 years 
ago, but bats have been calling it home long before humans discovered it. Due to 
environmental exposure of mercury, these bats potentially show substantial mercury 
bioaccumulation. Bats now come into contact with mercury through atmospheric 
deposition from industrial sources. It is expected that the modern bats residing in 
Mammoth Cave should have measurable levels of mercury in their system which has 
been determined by guano analysis. Over fifty current samples of bat guano have been 
analyzed and exhibit mercury levels at the part per billion level. These results are 
compared to samples collected from historical guano deposits in Mammoth Cave 
National Park, which show substantially lower levels. Dates of historical samples have 
been provided from earlier studies. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
Mammoth Cave National Park was declared a national park on July 1, 1941, and 
is located in Kentucky, primarily in Edmonson County, with some small extensions into 
Hart County and Barren County.  The park has a total of 52,830 acres (~82.547 square 
miles) and is centered around the Green River. Figure 1 is a collage of maps of Mammoth 
Cave National park; these maps zoom out progressively. 
 
Figure 1. Maps of Mammoth Cave National Park and the National Park sign (National Park Services, 2014). 
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Mammoth Cave is the longest known cave system in the world with over 400 miles 
explored. Geologists estimate that the oldest part of Mammoth Cave began forming 
around 10 million years ago (National Park Service, 2014).  
Around 45 species of mammals call Mammoth Cave National Park home, 
including many subspecies of bats. Figure 2 shows several of these subspecies of bats.  
 
 
 
It is believed that bats have inhabited Mammoth Cave for millions of years (National 
Park Service, 2014). Several currently endangered subspecies of bats used to be 
prominent in the cave, such as Indiana bats (Myotis sodalis) and gray bats (Myotis 
grisescens). The big brown bat (Eptesicus fuscus), the little brown bat (Myotis lucifugus), 
Rafinesque’s big-eared bat (Corynorhinus rafinesquii), and the eastern pipistrelle bat 
(Pipistrellus subflavus) also inhabited the cave. These subspecies still inhabit the cave, 
but are much less numerous with populations estimated at a few thousand compared to 
the peak population of 9-12 million.  A disease called white-nose syndrome is spreading 
Figure 2. MCNP bats; pictured: A) Indiana bat (Arkive, 2013). B) Gray bats (Arkive, 2013). C) Eastern 
pipistrelle bat (Maryland Department of Natural Resources, 2014). D) Big brown bat (National Geographic, 
2014). E) Little brown bat (Royalty Free Stock Photography, 2014). F) Rafinesque big-eared bat (Kentucky Bat 
Working Group, 2014). 
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through the eastern United States, and it is considered to be present in Mammoth Cave 
National Park. This disease is not known to affect humans, but it has been identified with 
the deaths of more than 5.5 million bats since it was identified first in 2006 (National 
Park Service, 2014). White-nose syndrome is caused by a fungus called Geomyces 
destructans; this fungus invaded bats’ skin and attacks while they are hibernating. It 
disrupts their hibernation and can cause starvation or dehydration. There is a large 
potential that millions of bats in Mammoth Cave National Park will die, possibly entire 
subspecies. 
Evidence of human impact on the ecosystem of mammals in Mammoth Cave 
National Park area can be dated to as early as 4,000 years ago, but especially dates to the 
18
th
 century (National Park Service, 2014). Since Mammoth Cave has been around for a 
very long time, it has been subjected to air and water contamination, since the beginning 
of the Industrial Revolution in the year 1760. Modern scientists believe that left 
unchecked, the existence of many of the natural communities will be threatened—
including bats (National Park Service, 2014).  
Mammoth Cave National Park is a Karst landscape, which is characterized by 
rapid subsurface drainage through limestone and the cave system. A Karst landscape 
most commonly develops on limestone, but can also develop on other types of rocks, 
such as dolostone, gypsum, and salts. Precipitation flows into the soil and seeps into the 
subsurface from higher elevations. Weak acids are found naturally in rain and will slowly 
dissolve the tiny fractures in the soluble bedrock, allowing it to flow into the cave 
(University of Kentucky, 2012). Because the flow through the Mammoth Cave Karst 
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aquifer is rapid—on the order of 1000’s to 10,000’s of feet per day—contaminants are 
rapidly transported, unfiltered through the conduit system (National Park Service, 2014).  
The National Park Services currently operate continuous-recording digital water 
monitoring for chemical characteristics. However, a large portion of the upper Green 
River that affects Mammoth Cave National Park lies outside the park boundaries, so the 
National Park Service is not able to control what takes place in this portion of the river. 
According to the National Park Service, the primary activities that influence the park’s 
water quality include:  “disposal of domestic, municipal and industrial sewage, solid 
waste disposal, agricultural and forestry management practices, oil and gas exploration 
and production, urban land-use, and recreation activities” (2014). This pollution affects 
all the animals in the park—including flora and fauna, insects, fish, other aquatic animals, 
and, of course, bats. 
Globally, about 6600 metric tons of mercury are emitted into the atmosphere each 
year—approximately 35% attributed to direct anthropogenic emissions, primarily from 
coal fired power plants (Driscol, et al, 2007). Mercury is a toxic heavy metal which is 
found naturally in coal along with other trace contaminants. Mercury is known to cause 
death, reduced fertility, slower growth and development and abnormal behavior that 
affects survival in mammals, depending on the level of exposure; research indicates that 
the endocrine system of fish, which plays a role in development and reproduction, may be 
altered due to mercury exposure (Environmental Protection Agency, 2014). This mercury 
contamination can certainly be localized around power plants, but can also occur as a 
global, long-range issue arising from atmospheric emission, transport, and deposition of 
mercury. China is a large user of coal-based energy, releasing large emissions into the air 
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that can affect the rest of the world. The mercury released into the environment is 
generally inorganic (bound to particulates) or elemental form (a gas), but it can be 
converted by bacteria in water systems to methylmercury (MeHg: ).  Figure 3 
shows the accumulation and bioaccumulation of mercury in the environment.  
 
 
Methylmercury is bioconcentrated because it is better retained than inorganic mercury by 
organisms at various levels in the food chain (Morel, et al, 1998). Methylmercury 
bioaccumulates effectively through the aquatic food chain enough so that most of the 
mercury in fish is methylmercury (Harris, et. al, 2007). According to D. W. Boeing, the 
organic forms of mercury, such as methylmercury, are more toxic to aquatic organisms 
than the inorganic forms (2000). Methylmercury is a nonpolar molecule so it is stored 
easily in the fat of mammals because adipose tissue is also nonpolar—this along with the 
phrase “like dissolves like.” Also, methlymercury has a high affinity for sulfur containing 
compounds, so it binds readily to the thiol groups in the amino acid cysteine (Yoon, et al., 
2005). Cysteine is often located in extracellular proteins.     
The big brown bat is an insectivorous bat, preying primarily on beetles, but also 
eats moths, flies, wasps, and dragonflies (Baker, 1983). Little brown bats are also 
insectivorous, feeding on moths, gnats, mosquitoes, and mayflies. (Belwood & Fenton, 
1976). Since little brown bats prefer eating aquatic insects, like mosquitos, they prefer to 
roost near water, which is easily done in Mammoth Cave’s Karst landscape (Fenton & 
Figure 3. Mercury Accumulation and Bioaccumulation. 
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Bell, 1979). Indiana bats feed exclusively on terrestrial and aquatic flying insects—
moths, mosquitoes, and midges (Allen & Kennedy, 2002). Gray bats consume beetles, 
flies, mayflies, net-winged insects, and caddis flies (Best, et al, 1997). Like the rest, the 
eastern pipistrelle bat and Rafinesque’s big-eared bat are insectivorous, feeding on mostly 
moths, but also mosquitoes, beetles, and flies (Texas Parks & Wildlife, 2014). All of 
these bats will have exposure to methylmercury because of these insects, who receive 
their exposure from the water and sediments in the Karst landscape. Bats are long-lived, 
which means they will eat a lot of insects in their lifetime—bats generally consume 40-
100% of their body mass in prey each night (Helf, 2003)—thus contributing to 
bioaccumulation of mercury in their systems. These bats feed at high levels in the trophic 
food web which increases the risk of exposure and bioaccumulation of mercury 
(Osborne, et al, 2011). Bats also have exposure to mercury through drinking water and 
simply breathing air, as well as from the placenta while in the womb and through nursing. 
The mercury content of the bats living in Mammoth Cave National Park can be 
determined through guano and hair analysis for mercury. The methlymercury is tightly 
bound within the guano to proteins. Since Mammoth Cave is a national park, the 
environment is as carefully monitored. Tourists are not allowed to be in certain areas of 
the park, including critical areas in the cave and near certain bat roosts. Inside Mammoth 
Cave are deposits of fossilized, ancient guano. This guano, aged at 30,000 years old, has 
the potential to show the mercury levels of bats before the Industrial Revolution. Other 
areas have historical guano deposits—guano that is also fossilized, but is aged from 1100 
to 100 years old. This guano could show the levels of mercury before, during, and after 
the Industrial revolution. Fresh guano, collected from modern bat roosts, would show the 
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current effect of recent years of bioaccumulation of mercury due primarily to atmospheric 
deposition. This research was designed to test the effect that emissions, specifically from 
coal-fired power plants, have had on mercury bioaccumulation in bats at Mammoth Cave 
National Park through an noninvasive, efficient, and reproducible method. It was 
expected that ancient guano would have negligible amounts of mercury, historical guano 
would have noticeable amounts of mercury, and modern guano would have significant 
amounts of mercury, thus positively showing the effects of mercury bioaccumulation in 
the bat population at Mammoth Cave National Park. 
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CHAPTER 2 
 
 
METHODOLOGY 
 
 
Guano samples were collected by Dr. Rick Toomey, a National Park Service staff 
member at Mammoth Cave National Park. Figure 4 shows a partial map of Mammoth 
Cave itself. Three of the places where the guano was collected can be seen on the left 
handed side of the map, as highlighted by the circle.  
 
 
Ancient guano samples—30,000 years old—were collected from the Rafinesque Hall in 
Mammoth Cave. Historical samples—1100-100 years old—were collected from 
Rafinesque Hall and Audubon Avenue, which is on the backside of Bunker Hill, near the 
Watson Trace Entrance. Modern (fresh) samples were collected from Bunker Hill, 
Vespertillio Hall, and the Visitor Center Bridge, which is a maternity roost. Figure 5 
shows ancient, historical, and modern guano.
Figure 4. A map of Mammoth Cave as it was known in 1908 (National Park Service, 2011). 
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To collect the samples, Dr. Rick Toomey used a plastic spoon. At each site, the 
spoon was cleaned with a lysol wipe before and after being used to collect guano. Dr. 
Toomey wore nitrile gloves for the collection to protect against contamination as nitrile 
gloves are more puncture resistant and more resistant against oils, such as oils in the 
hand.  
 In the case of the ancient guano (gray bat roost), the spoon was used to "dig" a 
small amount of guano from the mass. The guano was transferred to a small sterile paper 
envelope and the envelope was sealed until analysis. The ancient guano is difficult to 
obtain and is texturally like dust. The historical guano consisted of pellets laying loose in 
pockets within the rocks. A spoon was used to scoop up groups of pellets (with some 
small pebbles and sediment). The pellets (and as little of the sediment as possible) were 
put into a paper envelope then sealed until analysis. The modern guano was collected 
from existing roosts. Pebbles and sediments were not as significant with these samples. 
Figure 6 shows a collection envelope for the modern guano from the maternity roost. All 
of the collection envelopes looked like this. 
Figure 5. Ancient guano, pictured left, historical guano pictured in the two middle photos, and modern guano, 
pictured right. 
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Carbon-14 dates for historical and ancient sample collection sites were done in a 
prior study, and results were provided by Dr. Rick Toomey. The samples were 
transported to Western Kentucky University and obtained by Dr. Cathleen Webb. Before 
the mercury analysis, the samples were categorized into the three types: ancient, 
historical, and modern. After categorization, the samples were analyzed for mercury 
content at the Advanced Materials Institute located at the Center for Research and 
Development. To analyze the samples, a Leco AMA254 Mercury Analyzer was used. 
Figure 7 shows the Leco AMA254 Mercury Analyzer and the Quicksilver software used 
in the mercury analysis.  
Figure 6. A collection envelope for a modern guano sample. 
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The Mercury Analyzer is a unique atomic absorption spectrometer that is used for the 
quantitative analysis of the mercury content (trace amounts) within a sample. The 
analysis of the samples can be done without any sample pre-treatment or sample pre-
concentration. There are three stages in each analysis: decomposition, collection, and 
detection (LECO Corporation, 2009). Samples can be run in as little as five minutes, due 
to the direct combustion in an oxygen-rich environment. The AMA254 Advanced 
Mercury analyzer has a detection limit of 0.01 nanograms of mercury and a detection 
range of 0.05 nanograms to 600 nanograms (Kellie et al., 2004). The design of the 
Mercury Analyzer makes analyzing samples with difficult matrices, such as coal, soil, 
guano, and fish, relatively straightforward. Using EPA Method 7473, “total mercury 
(organic and inorganic) in soils, sediments, bottom deposits, and sludge-type materials as 
well as in aqueous wastes and ground waters” can be determined (EPA, 2007). 
Gloves and goggles were worn at all times when dealing with the samples; a 
protective dust mask was also worn for added protection against inhalation of the guano 
and mercury. Before mercury analysis can be performed, the guano samples must be 
prepared by removing small rocks, and other material. The sample is weighed and placed 
Figure 7.  The Leco AMA254 Mercury Analyzer and Quicksilver software (LECO 
Corporation, 2014). 
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in an analysis boat—which is made out of nickel.  Figure 8 shows sample boats, empty 
and containing a sample of guano. The weight is recorded in the Quicksilver software 
that is used by the Leco AMA254 Mercury Analyzer.  
 
 
As mentioned above, there are three main stages in analysis: decomposition, 
collection, and detection. During the decomposition phase, the analysis boat containing 
the sample is placed in the sample holder inside the instrument. Once the “Analyze” 
button is pushed in the software, the sample boat is placed into the decomposition furnace 
portion of the combustion tube. The decomposition furnace is at about 750°C, which will 
provide the thermal decomposition of the sample into the gaseous state. From here, the 
oxygen carrier gas moves the gaseous sample to the catalyst furnace portion of the 
combustion tube. In the catalyst furnace, all interfering impurities are removed from the 
evolved gases, such as moisture, ash, and halogens (LECO Corporation, 2009). 
 During the collection phase, the cleaned, gaseous sample is transported to the 
amalgamator—a small glass tube containing gold-plated ceramics. The amalgamator 
traps and collects all the mercury within the gas; it can do this because it has a high 
affinity for mercury. After all the mercury has been trapped within the amalgamator, the 
amalgam is heated to around 900°C to quickly release the mercury vapor in a tight 
packet, so it is effectively concentrated (LECO Corporation, 2009).  
Figure 8. Sample boats (Leco Corporation (2014). 
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In the detection phase, the mercury vapor is transported to the cuvette, where it is 
then separated into two sections. The cuvette is in the path length of an Atomic 
Absorption Spectrometer, which uses an element-specific mercury lamp that emits light 
at 253.7 nanometers and a silicon UV diode detector for mercury quantitation. The output 
of the detector is the peak area of the mercury, but it is also able to measure the peak 
height. This peak area is converted using the calibration curve in the instrument to 
concentration of mercury in parts per million (ppm) (Leco, 2009). Figure 9 shows a flow 
diagram of the inside of the AMA254. The arrows can be followed to see the flow of the 
sample through each of the three phases. 
 
 
The instrument is calibrated using the standard NIST 2685b, which is a standard 
from the National Institute of Science and Technology and contains 0.143 parts per 
million (ppm) of mercury. The AMA254 instrument is calibrated in a unique way. 
Varying amounts (~0.2 grams to 1.0 gram) of the standard are analyzed. The instrument 
Figure 9. Flow diagram of the AMA254 (LECO Corporation, 2009). 
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determines total mercury amount, but uses the weight entered in the software to calculate 
the concentration of mercury in parts per million. So, in the standard, the concentration of 
mercury remains the same, regardless of the weight of the standard sample. However, the 
intensity changes with the amount of mercury in each sample for the standard—the 
higher the weight, the higher the intensity. After the guano samples were ran with the 
Mercury Analyzer, the concentration of mercury in parts per million was recorded and 
analyzed for correlations.  
15 
 
CHAPTER 3 
 
 
RESULTS AND DISCUSSION 
 
 
Figure 10 shows the distribution of mercury levels in the ancient, historical, and 
modern samples. It can be seen easily from the graph that the modern guano was 
determined to have significantly higher mercury levels than in the historical and ancient 
samples. Table 1 shows the average of mercury found within each category. 
 
 
 
Figure 10. A comparison bar graph depicting the various mercury levels for the guano samples: ancient, 
historical, and modern. 
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Type Average Mercury Content (ppm) Number of Samples 
Ancient 0.01 ± 0.01 2 
Historical 0.20 ± 0.05 33 
Modern 0.7 ± 0.2 34 
 
Table 2 shows the amount of mercury in each of the ancient samples. Figure 11 shows a 
histogram depicting how many samples have a specific amount of mercury for the 
historical samples. Figure 12 shows a histogram for the modern samples. 
 
Sample Number Mercury (ppm) 
1 0.0008 
2 0.0212 
 
 
 
Table 1. Data from the AMA254 Mercury Analyzer and number of samples analyzed for each sample 
type. 
Figure 11. A histogram of mercury content in historical samples. 
 
Table 2. Data for the ancient guano samples using the AMA254 Mercury Analyzer. 
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The variation in this guano can be explained by the type of bat guano that was analyzed. 
Guano exhibiting low mercury content could belong to juvenile bats. Since they have 
eaten fewer insects in their lifetime they would have a lower bioaccumulation effect in 
their life so far. The opposite is true for guano exhibiting high mercury content. It could 
be from long-lived, small bats. Figure 13 shows an overview histogram of the mercury 
content for all three sample categories.  
Figure 12. A histogram of mercury content in modern samples. 
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Table 3 shows data from previous studies from Dr. Cathleen Webb’s research group. 
Former projects were designed to determine the amount of mercury in different aspects of 
Mammoth Cave National Park’s ecosystem. Mercury analysis of the air, ground water, 
sediments, insects, aquatic animals, and bat hair were performed. Comparison of this data 
to the data from the guano samples shows the potential for bioaccumulation, as well as 
gives an idea of what types of mercury levels are in the stable park ecosystem. There is a 
large range for the bat hair because it includes hair from all subspecies, gender, and age. 
However, there can be a significant difference in the amount of mercury due to age, 
gender, and subspecies. For example, young bats have less mercury mercury that older 
bats, and male bats generally have higher mercury content than females. 
 
 
 
Figure 13. A histogram of the mercury content in ancient, historical, and modern guano samples. 
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Previous Studies from Mammoth Cave Mercury Content 
Air 1-3 ppt 
Water 5 ppt 
Sediments 20-70 ppb 
Mayflies 3 ppb 
Clam 10-20 ppb 
Fish 0.5-1 ppm 
Bat Hair 1-20 ppm 
 
Quality Assurance and Quality Control 
To evaluate the consistency of the method, both standard and control samples analyzed. 
Before running any guano samples, three “blanks” or control samples and then one 
sample of the standard NIST 2685b were analyzed. After 8 samples of the same guano 
sample had been analyzed and before moving onto the next sample envelope, two blanks 
and one standard sample were analyzed. The average of 10 randomly selected runs with 
the calibration standard NIST 2685b was compared with the known value from the 
National Institute of Standards and Technology. This can be seen in Table 2. Therefore, 
the variations in the guano samples are due to the fact that they are natural samples—
while as much “other” material was removed from the guano as possible, some may still 
have been attached to the sample when the analysis was done.  
 
 
Quality Control NIST 2685b 
Standard Value (ppm) 0.143 
Average of 10 runs (ppm) 0.143 
Standard Deviation (ppm) 0.002 
 
Table 4. Quality control data for the AMA254 Mercury Analyzer using NIST 
2685b.  
Table 3. Tabulated data for the mercury content done in previous studies. 
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Each envelope is expected to have variation within the guano pellets due to the natural 
variation in the samples. Table 5 shows the amount of mercury in each replicate done for 
the modern Visitor Center maternity roost envelope. It can be seen that there is a low 
standard deviation, so there is not much difference between the replicates. 
 
Location 
Mercury  
(ppm) 
Average 
(ppm) 
Standard Deviation 
(ppm) 
Visitor Center (Maternity Roost) 0.7840 0.7 0.1 
Visitor Center (Maternity Roost) 0.8180 
  Visitor Center (Maternity Roost) 0.5775 
  Visitor Center (Maternity Roost) 0.5007 
  Visitor Center (Maternity Roost) 0.7534 
  Visitor Center (Maternity Roost) 0.7179 
  Visitor Center (Maternity Roost) 0.9303 
  Visitor Center (Maternity Roost) 0.5554 
   
Table 5. Data for the modern Visitor Center maternity roost envelope. 
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CHAPTER 4 
 
 
CONCLUSION AND FUTURE 
 
 
It was expected that ancient guano—30,000 years old—would have negligible 
amounts of mercury, historical guano—1100 to 100 years old—would have noticeable 
amounts of mercury, and modern (fresh) guano would have significant amounts of 
mercury, thus positively showing the effects of mercury bioaccumulation in the bat 
population at Mammoth Cave National Park. The mercury content for each sample was 
determined through mercury analysis by using the Leco AMA254 Mercury Analyzer. 
Overall, this hypothesis was shown to be accurate.  
The differences in mercury content between the three types of guano can be seen 
in Figure 10. This shows that ancient guano had around 0.01 parts per million mercury, 
the historical guano had around 0.20 parts per million mercury, and modern guano had 
around 0.7 parts per million mercury. Ancient guano received little mercury exposure due 
to the fact that coal-fired power plants did not exist, but mercury if found naturally in 
nature. Historical guano received mercury exposure through atmospheric deposition. 
Modern guano received mercury exposure through atmospheric deposition and 
bioaccumulation. 
Table 3 shows that as subjects are located higher in the food chain, they have 
higher mercury content. Like with the phrase “you are what you eat,” bioaccumulation of 
mercury from atmospheric deposition is happening to the animals living in Mammoth 
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Cave National Park. The mercury analysis of the guano correlates to this previous study. 
The modern guano has higher mercury content than those lower in the food chain due to 
the effects of bioaccumulation. However, it is smaller than the mercury content for the 
bat hair. This is because the guano is a record of the mercury that has been ingested 
around the time the waste was evacuated from the body. Hair is a record of the history of 
mercury contamination; hair takes longer to grow than it takes bats to defecate, so more 
mercury is contained within the hair.  
 Further analysis is required on this subject. More guano samples will be analyzed 
for correlation and to see if the mercury levels continue to rise in modern bats. It is 
expected that the mercury levels will continue to rise due to bioaccumulation and because 
coal-emissions globally have not decreased—and are not likely to decrease in the next 
few years. Since white-nose syndrome has been confirmed in Mammoth Cave National 
Park, more bats will be able to be analyzed for mercury in the next five years because 
many deaths will occur. These bats can be transported to Western Kentucky University 
and stored in a freezer until analysis. 
Leaching studies using synthetic rain will be performed to determine if the 
mercury is bound as tightly in the guano as suspected. If the mercury is bound tightly to 
the guano, then it wouldn’t be washed away over the years, and centuries even. The 
mercury would remain within the guano until mercury analysis was performed. This 
would show that the data determined in this study is accurate, specifically the ancient and 
historical samples. 
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CHAPTER 5 
 
 
PERSPECTIVE 
 
 
Mercury is a toxic heavy metal that causes problems within the central nervous 
system and can be lethal in large amounts. There are different types of mercury, and 
some types are more toxic than others. The most toxic form is usually found it water, 
which is then settled into the sediments and gets into the insects systems. Since bats drink 
water and eat the insects that are around this water, such as mosquitos, bats are exposed 
to this toxic form of mercury. As the bats eat and drink mercury, it gets into their system, 
and it can be seen about how much mercury exposure they have by analyzing their guano. 
A special instrument will take the guano, combust it, and determine the total mercury 
from the vapor. 
 In order to see how air and water pollution has affected the amounts of mercury in 
bats, different types of guano was collected. Ancient samples, dated to be about 30,000 
years old, historical samples, dated to be about 100-1100 years old, and modern (fresh) 
samples were collected from Mammoth Cave. Since the ancient samples were older than 
the Industrial Revolution, it was expected that they would have no mercury. The 
historical samples were expected to have some mercury in them, and modern samples 
should have the most mercury. The guano collected was analyzed and follows this idea.   
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